Discrimination of just noticeable change in pitch has been widely investigated. In contrast, works on discrimination of two simultaneous pitches produced by two tones have been scarce. In this work two methods were used to nd the minimum frequency interval in a two-tone at which listeners perceive two distinct pitches. In the rst, listeners tuned manually the frequency interval between components in a two-tone. In the second, the frequency interval between tones in a two-tone was switched between ve dierent xed values, and a pitch of a probe tone was compared with pitches in a two-tone. Both methods were used in two dierent groups of listeners, musicians and non-musicians.
Introduction
The pitch of two-tones has been widely investigated.
Two of the many examples are [1] where recognition of pitch of pairs of neighbouring partials was investigated in the context of simple melodies and [2] where residue pitch of two-component complexes was investigated with the conclusion that the nonlinearity of the hearing system did not inuence the perception of the residual pitch.
The simultaneous discrimination of pitch of two concurrent sounds is one of the fundamental properties of the ear, and probably the fundamental determinant of the ear's frequency resolution. Despite that, the bibliography of this topic is scarce.
Thurlow and Bernstein [3] used two simultaneous sinusoidal tones of the same amplitude, further referred to as a two-tone. They examined two subjects only, of which the rst reported the threshold frequency interval of between 5% (at 4 kHz) and 10% of the standard frequency, and the second reported values three to ten times larger.
Both dichotic and monaural presentations were investigated, with thresholds higher by a couple of percent in the latter case.
Plomp [4] in reviewing earlier works noticed that the estimates of resolution bandwidths ranged from less than 10 Hz to more than 500 Hz.
He attributed that to the vagueness of the criterion of judgements used. In
Ref.
[3] the perception of two distinct pitches was evaluated. Plomp and co-workers [4, 5] investigated frequency resolution of the ear by examining the ability to hear out one particular harmonic in a harmonic tone complex.
They presented a complex tone followed by a tone with the frequency matching one of the harmonics in a complex, or followed by a tone with a frequency halfway between them. Their ndings are well known: ve to seven * corresponding author; e-mail: kleczkow@agh.edu.pl lowest harmonics could be heard in that experiment. The resolvability of harmonics in inharmonic complexes was investigated by Soderquist for four musicians and four non-musicians [6] and the musicians were found to detect pitches at about 10% narrower intervals.
In some works ( [7] and references therein, [8] ) so--called complementary pairs of two-tones were investigated, i.e. pairs of two-tones with slightly diering amplitudes, where the lower tone was slightly more intense in one two-tone and in the other the higher tone was more intense. The resolvability of pitches between these pairs can be considered a dierent class of pitch resolvability and the authors argued that the temporal ne structure of two-tones might be involved.
To the best knowledge of the authors, none of the earlier works analysed frequency discrimination in two-tones in dierent groups of listeners. In this work, two groups of subjects were examined: non-musicians with some audio or musical experience as well as experience in psychoacoustic tests, and active musicians with no experience in psychoacoustic tests. Two methods have been applied and their results were compared. The rst was similar to that used in [3] , but longer and more precisely controlled stimuli were used. The stimuli were longer to make them more natural for musicians. The second was similar to the method of [4, 5] , but the stimuli were more precisely controlled and the eect of the sequence of stimuli was analysed. 
Experiment 2
In this experiment, the setup and the test conditions were the same as in experiment 1.
The experimental paradigm was similar to that used by Plomp [4, 5] . Sound samples were organized in trials.
Each trial consisted of two time intervals, and each time interval contained a pair of stimuli. The rst element of the pair was a two-tone, separated by a xed interval in frequency. The standard frequencies and intervals are shown in Table I . The A custom software for running psychoacoustic tests developed in C programming language by the second author A-122 P. Kleczkowski, M. Pluta (MP) was used. In this software, the subject activates a trial at any time by pressing a Play button in the screen. The test was run according to the two alternative forced choice (2AFC) paradigm. The screen contained buttons for two alternative responses. Each trial was presented once, the time to answer was unlimited.
Feedback was not provided. The subject was informed about the progress of the test.
Three standard frequencies were investigated, with ve dierent frequency intervals (Table I) Table II . 
The raw results were percentages of correct responses in each experimental condition. In total 120 percent correct results were obtained: 2 groups ×3 standard frequencies ×5 intervals ×4 sequences. As expected, the results improved as the size of the interval was increased. (1)).
and D are the parameters of the curve returned by the LevenbergMarquardt least squares tting procedure used [11] , x denotes the magnitude of a stimulus. In our case: x = j + log 2 (f ), where j is a constant as in Fig. 3 , f denotes frequency. The upper bound was assumed equal to 95%, as is often the case because of the lapse rate [12, 13] unless it was measured as higher. The ts obtained are shown in given by (u − l)/2, where u denotes the upper bound and l denotes the lower bound, and are given in Table III .
Evaluation of results with the binomial distribution
The binomial distribution was used to determine the unidirectional cumulative probability A-124
where k denotes a number of correct answers out of N opportunities, k 0 denotes a threshold value of correct answers to obtain an assumed cumulative probability, N 
where r L denotes the number of a frequency interval (see Fig. 3 and 
where j denotes the number of the standard frequency: The thresholds are given in Table III .
Discussion and conclusions
The participants of the AM group attained significantly better frequency discrimination than the AE group. The narrowest interval of experiment 2 was the exception, as AE group performed better. This was conrmed by the paired data t-test, at p < 0.05. The reason for this anomaly is unknown.
In relative numbers, the average discrimination thresh- The results for the narrowest interval where no discrimination occurs are lower than 50%. This was caused by the fact that when no discrimination occurs, the pitch of a two-tone is perceived as the average of the two frequencies [7] . Thus the listeners tended to point to M rather than to H or L time intervals, which produced this bias in the results. 
